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To evaluate the remodeling of the intrinsic cardiac nervous system following myocardial infarction, the dorsal descending coronary artery was ligated in the guinea pig heart and the animals were allowed to recover for 7-9 wk. Thereafter, atrial neurons of the intrinsic cardiac plexus were isolated for electrophysiological and immunohistochemical analyses. Intracellular voltage recordings from intrinsic cardiac neurons demonstrated no significant changes in passive membrane properties or action potential configuration compared with age-matched controls and sham-operated animals. The intrinsic cardiac neurons from chronic infarcted hearts did demonstrate an increase in evoked action potential (AP) frequency (as determined by the number of APs produced with depolarizing stimuli) and an increase in responses to exogenously applied histamine compared with sham and age-matched controls. Conversely, pituitary adenylate cyclase-activating polypeptide (PACAP)-induced increases in intrinsic cardiac neuron-evoked AP frequency were similar between control and CMI animals. Immunohistochemical analysis demonstrated a threefold increase in percentage of neurons immunoreactive for neuronal nitric oxide synthase (NOS) in CMI animals compared with control and the additional expression of inducible NOS by some neurons, which was not evident in control animals. Finally, the density of mast cells within the intrinsic cardiac plexus was increased threefold in preparations from CMI animals. These results indicate that CMI induces a differential remodeling of intrinsic cardiac neurons and functional upregulation of neuronal responsiveness to specific neuromodulators. intrinsic cardiac nervous system; histamine; pituitary adenylate cyclaseactivating polypeptide; mast cells; intracellular recording REMODELING OF CARDIAC MUSCLE in response to endogenous stressors, such as ischemia or pressure overload, has been demonstrated in numerous cellular systems (2, 7, 20, 21) . These changes in muscle structure and biochemistry result in both compensatory and pathological alterations that ultimately result in cardiac dysfunction (16, 26) . For example, previous studies have shown significant changes in the expression of nitric oxide synthase (NOS) isoforms within cardiac myocytes following myocardial infarction and reperfusion (7) , as well as with chronic infarction (2) . These changes are associated with alterations in myocyte contractility and regulation by sympathetic neurotransmitters (7) . Although the alterations in cardiac myoctyes have been studied intensively postmyocardial infarction, there has been little attention given to potential changes in the intrinsic cardiac neurons, the regulatory system that functions as the final common pathway for neural control of the heart (1).
The intrinsic cardiac nervous system processes information from a variety of inputs, including sensory afferents, descending parasympathetic preganglionic fibers, sympathetic fibers, interneurons (local circuit neurons), and cardiac mast cells (1, 11, 22, 25) . This convergence of information leads to integrative control of regional cardiac function. Alterations in subpopulations of these neurons, in response to injury, can result in significant changes in the neuronal regulation of regional cardiac function (1) .
The present studies evaluated changes in physiological function and phenotype of atrial intrinsic cardiac neurons following a chronic myocardial infarction (CMI) of the left ventricle. Several different neuromodulators can modify neuronal excitability in these cells. For example, histamine (22) , substance P (11), and pituitary adenylate cyclase-activating polypeptide (PACAP) (4, 28) can all increase evoked action potential (AP) frequency of these neurons. Within the guinea pig intrinsic cardiac nervous system, the primary source of histamine is from cardiac mast cells (22) . Previous studies have shown that mast cell number can increase with heart disease (17) and that ischemic events can stimulate mast cell degranulation (3, 23) . Therefore, we examined the histamine-induced responses of intrinsic cardiac neurons to determine whether CMI led to alterations in histamine sensitivity. The release of cytokines and other inflammatory mediators from mast cells also can lead to phenotypic alterations in expression of enzymes such as NOS and also may produce changes in neuronal responses. Accordingly, guinea pig intrinsic cardiac ganglia were examined for changes in mast cell density, NOS expression, and functional indexes of neuronal excitability.
Myocardial ischemia induces changes in autonomic control systems regulating regional cardiac function (1), with infarcted dogs exhibiting higher levels of parasympathetic activity showing reduced potential for sudden cardiac death during subsequent ischemic stress episodes (29) . Our group (28) recently demonstrated that in vitro PACAP released during preganglionic firing may modulate neurotransmission within the guinea pig intrinsic cardiac ganglia. Moreover, almost all cholinergic preganglionic fibers terminating on guinea pig intrinsic cardiac neurons contain PACAP (4, 5) . Therefore, we also determined whether CMI altered the functional neuronal responses to PACAP in guinea pig intrinsic cardiac ganglia.
MATERIAL AND METHODS
Animals. Twenty 9-wk-old male Hartley guinea pigs (Charles River), weighing between 507 and 614 g, were used in these chronic studies. Nine animals of the same age and weight were used for time control (sham) surgeries in which the heart was visualized but not disturbed. Twenty additional age-matched male Hartley guinea pigs were used for controls. All procedures were approved by the Institutional Animal Care and Use Committees of East Tennessee State University and Ithaca College and were in accordance with the Guide for the Care and Use of Laboratory Animals (Washington, DC: National Academy, 1996).
Surgical preparation. Guinea pigs were pretreated with atropine (0.1 mg/kg sc) and ketamine (80 mg/kg ip). Thereafter, anesthesia was induced with 3% isoflurane via an induction chamber (VetEquip, Pleasanton, CA). When guinea pigs were removed from the induction chamber, 2.5% isoflurane was delivered via a conical nose cone (VetEquip) until responses to hindlimb toe pinch stimuli had diminished. After endotracheal intubation, mechanical ventilation was initiated and maintained with a positive pressure ventilator (SAR-830/P ventilator; IITC, Woodland Hills, CA) using 100% O2. Anesthesia was maintained with isoflurane (1-3%). Core body temperature was maintained at 38.5°C with a circulating water heating pad. Buprenorphine (0.05 mg/kg sc) was administered preoperatively.
Animal identification. With the use of a 12-gauge needle, an AVID microchip (AVID MicroChip I.D. Systems, Folsom, LA) was injected subcutaneously into the interscapular space. A MiniTracker (AVID MicroChip I.D. Systems) scanner was then passed over the implant site to detect the unique identification number for each animal.
Induction of chronic myocardial infarction. A thoracotomy was performed in the left fourth intercostal space, and the pericardium was opened to expose the heart. A 4-0 monofilament polypropylene suture on a curved, tapered needle was passed around the ventral descending coronary artery just distal to its first diagonal branch and tied. Because of collateral flow, a second suture was placed and tied ϳ1 cm distal to the first suture. The incision was closed in multiple layers. Thereafter, residual air was withdrawn from the thoracic cavity via a chest tube, and the chest tube was removed. Postoperatively, analgesic therapy (buprenorphine, 0.05 mg/kg sc) was administered as needed at 4-to 6-h intervals for 24 h and as needed thereafter. Sutures were removed 10 -14 days after surgery. The animal was allowed to recover for 4 wk before transfer to Ithaca College (Ithaca, NY) for terminal studies. Two animals died from surgical complications either during or within 1 h after surgery and consequently were excluded from the final analysis.
Terminal experiments. Guinea pigs (14 -18 wk of age, 800 -1,000 g at termination) were euthanized by CO2 inhalation and exsanguination. The heart was removed, weighed, and placed into ice-cold Krebs-Ringer solution (mM: 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgCl 2, 1.2 NaH2PO4, 25 NaHCO3, and 8 glucose, aerated with 95% O2-5% CO2 for a pH of 7.4). The cardiac plexus, located in the epicardium of the atria, was dissected as previously described (11) . Briefly, the region studied, which is located primarily in the wall of the left atria underlying the area of the coronary sinus, was exposed by opening the atria and removing the overlying muscle and connective tissue. The tissue was pinned to a Sylgard-lined 60-mm petri dish and continuously superfused (6 -8 ml/min) with 35-37°C Krebs-Ringer. Histamine (Sigma; 10 Ϫ4 M in Krebs solution) and PACAP 1-27 (American Peptides; 50 M in Krebs solution) were applied by local pressure ejection (6 -9 lb./in. 2 ; Picospritzer, General Valve) through small-tip-diameter (5-10 m) glass micropipettes positioned 50 -100 m from the individual neuron. For multiple tests of responses in the same cell, the cells were allowed to wash (via the circulating Krebs solution) for several minutes between applications.
Analysis of ventricle size and infarct size. After both atria were removed, the ventricles were fixed in 4% paraformaldehyde for 12-24 h at 4°C and then placed in 70% ethanol at 4°C until processing.
Subsequently, the ventricles were weighed and cut into 2-mm-thick slices, parallel to the atrioventricular groove. Areas of infarction (scar tissue) and outlines of the left ventricular (LV) and right ventricular (RV) chambers at each level were traced onto plastic overlays. These areas were then measured using computer-assisted planimetry (Image Research). RV and LV areas and infarct area were calculated by multiplying each area by tissue thickness, and their products were summed and expressed (in cm 3 ; mean Ϯ SD) for both ventricles. Infarct area is expressed as a percentage of LV area.
Electrophysiological methods. Intracellular voltage recordings from intracardiac neurons were obtained with an AxoClamp 2B amplifier (Axon Instruments) from cells impaled with 2 M KCl-filled microelectrodes (40 -80 M⍀). Data were collected, digitized, and analyzed using pCLAMP 8.2 (Axon Instruments). Individual neurons were used for an experiment if the membrane potential was Ϫ40 mV or below and they produced APs with an overshoot of at least 20 mV. The neurons were identified as putative parasympathetic postganglionic neurons by their morphology (ϳ30 m in diameter) and their basic electrical properties relative to previous studies (9, 11) .
Single APs were stimulated by positive current injection (0.1-0.7 nA, 5 ms), averaged (5-6 individual recordings), and analyzed to determine the amplitude and duration of the afterhyperpolarizing potential (AHP). Input resistance (IR) was determined by negative current injection (0.1-0.6 nA, 1 s). The voltage change was measured at 800 ms, and the slope of the current injection vs. voltage was calculated to determine IR for each cell. Neuronal excitability was monitored by observing the response to a series of long depolarizing current pulses (0.1-0.6 nA, 500 ms). Neurons were categorized as phasic (1-3 APs at the onset of depolarizing stimuli only) or tonic (multiple APs throughout depolarizing stimuli). The AP frequency vs. stimulus amplitude was determined to assess relative changes in excitability.
For each cell, following characterization of the basic electrophysiological properties, induced changes in evoked AP frequency were assessed immediately following 1-2 s of application of either histamine (100 M) or PACAP (50 m). Each was applied by local pressure injection, immediately adjacent (ϳ50 -100 m) to the recorded neuron, and doses were chosen that produce maximal or near-maximal responses (12, 28) . Induced changes in AP frequency vs. stimulus amplitude were determined to assess relative druginduced changes in excitability for both phasic and tonic intrinsic cardiac neurons derived from control animals compared with animals with CMI.
Immunohistochemistry. Cardiac ganglion preparations were fixed in Zamboni's (2% paraformaldehyde, 0.1% picric acid) overnight at 4°C. The tissue was then washed in phosphate-buffered saline (PBS) and blocked with 0.3% Triton X-100 and 4% donkey serum before incubation with the primary antibodies for 12-18 h at 4°C. Preparations were then washed and incubated with secondary antibodies for 90 min at room temperature. Antibodies used included mouse antimicrotubule-associated protein 2 (MAP2; 1:500; Sigma), rabbit antineuronal NOS (nNOS; 1:500; Cayman), mouse anti-inducible NOS (iNOS; 1:100; Transduction Labs), goat anti-choline acetyltransferase (ChAT; 1:100; Chemicon), and rabbit anti-histamine (1:500; Accurate), donkey anti-mouse biotin (1:500), streptavidin-AMCA (1:500), donkey anti-rabbit rhodamine (1:500), donkey anti-goat FITC (1:500), and donkey anti-mouse FITC (1:500; all from Jackson ImmunoResearch).
The percentage of nNOS cells was determined by counting the total number of either MAP2 or ChAT-immunoreactive cells and then determining the number of nNOS-immunoreactive cells. This method controlled for the variability in the total number of neurons per preparation, which can vary significantly (18) . The percentage of iNOS cells was determined using the same procedure.
Mast cell density was determined by histamine immunoreactivity. Previous studies have demonstrated that histamine labels mast cells in these tissues (22) . The numbers of histamine-immunoreactive cells were determined in three separate fields (ϳ100 mm 2 each) on each preparation. The average number of mast cells as a function of area (mm 2 ) was determined for each sample.
Statistical analysis.
Values are means Ϯ SE. Statistical significance was determined using Student's t-test or ANOVA, with a P value Ͻ0.05 considered significant. Best-fit lines for the frequency curves were generated using either a linear or exponential relationship, which provided estimates of the adjusted R 2 values.
RESULTS

Analysis of myocardial infarction.
To assess the impact of the CMI on the animals, we determined the weight of the heart and lungs as a percentage of body weight at the termination of the experiment (Table 1 ). There was a significant increase in heart weight in the CMI animals compared with sham-operated controls. In addition, there was an increase in the LV size in CMI animals compared with controls but no corresponding change in RV volume. Histological analysis of the infarcts showed an average infarct size of 5.62% of LV in the CMI group. Lung weights, both wet and dry, were similar between groups.
Resting membrane properties. The guinea pig cardiac plexus consists of multiple cell types, including parasympathetic postganglionic neurons and interneurons. For these studies, the results were taken from cells that can be generally classified as parasympathetic postganglionic on the basis of their approximate size (30 m) and their membrane properties (9, 11) . Intracellular recordings were obtained from 194 neurons from 49 different animals (20 controls, 9 sham, and 20 CMI). The average resting membrane potentials were not different in controls, shams, or CMI animals (see Table 2 ). Resting membrane input resistance likewise was the same in control, sham, and CMI neurons. Single APs were evoked with brief positive current injections (0.1-0.6 nA, 5 ms) and analyzed to deter- Values are means Ϯ SD. RMP, resting membrane potential; IR, input resistance; AHP, afterhyperpolarization. Data from phasic and tonic neurons for each group were pooled. Fig. 1 . Histamine-induced increases in excitability of intrinsic cardiac neurons increase postmyocardial infarction. Indexes of neuronal excitability were determined by monitoring voltage responses to positive current injections (indicated rectangular pulse, 0.3 nA, 500 ms). Action potential (AP) frequency was examined in neurons from control (untreated; A) preparations and tissue derived from chronic myocardial infarction (CMI; B) animals. Before application of exogenous neuromodulators (top), both cells showed a single AP with prolonged depolarization (phasic neuron). After a 1-s application of histamine (bottom), both neurons showed an increase in AP frequency, with the CMI cell showing a greater increase in firing frequency. Resting membrane potentials: untreated, Ϫ48 mV; CMI, Ϫ45 mV. mine AHP amplitudes and durations. There was no significant change in either AHP amplitudes or duration with CMI (Table 2) .
Measured AP frequency. Guinea pig intracardiac neurons are typically phasic in their firing properties; that is, the majority of neurons will fire APs only at the onset of a depolarizing pulse (Fig. 1, top) . A smaller percentage of neurons are tonic in nature, firing repetitively during a prolonged depolarizing pulse. In control animals, resting neuronal excitability was tested in a total of 46 neurons, using positive current step injections (0.1-0.6 nA, 500 ms). Of these, 35 neurons were phasic in nature and 11 neurons showed tonic activity. A total of 22 neurons were tested in surgical time control (sham) animals, and of these, 17 were phasic and 5 were tonic. In CMI animals, 77 neurons were tested. Of these, 53 were phasic and 24 neurons were tonic, showing no significant change (P Ͼ 0.05 by 2 test) in the relative number of phasic or tonic neurons in the CMI animals compared with controls.
CMI differentially remodeled atrial intrinsic cardiac neuron excitability as assessed by frequency of evoked AP generation in response to positive current injections. Whereas phasic neurons exhibited similar increases in AP generation to imposed depolarizing current injections in both CMI and control tissues (Fig. 2, top) , tonic neurons from CMI animals demonstrated increased AP generation at lower (0.1-0.4 nA) stimulus intensities (Fig. 2, bottom) . Moreover, for tonic neurons, the frequency vs. stimulus curve shifted from linear to exponential, with R 2 Ͼ 0.98 and 0.99, respectively. This suggests that there is an underlying change in the modulation of excitability in these cells.
Neuromodulator responses. Evoked AP frequency was measured before experiments, immediately following application of histamine, and after tissue was washed for 30 s or more. Control neurons showed a significant increase in the number of APs fired with increasing stimulus amplitudes ( Figs. 1 and 2 ) following histamine application. The frequency of APs produced by either phasic or tonic neurons from surgical time control (sham) animals was not different from that of control animals in either the presence or absence of histamine, and these data were pooled. Phasic neurons from CMI animals demonstrated a significant increase in the frequency of APs produced following histamine application compared with agematched controls (Fig. 2, top) . However, tonic neurons in CMI tissues exhibited no such enhanced histamine response (Fig. 2,  bottom) .
AP frequency was also measured in the same preparations before experiments, immediately following application of PACAP, and after tissues was washed for 30 s or more. Whereas the CMI-induced increase in excitability in tonic neurons to depolarizing pulses was still evident in the untreated condition (Fig. 3, bottom) , as with histamine exposure, there Fig. 2 . Functional upregulation of histaminergic responses on AP frequency preferentially affect phasic intrinsic cardiac neurons postmyocardial infarction. The frequency of APs (mean Ϯ SE) was determined at increasing stimulus intensities (500-ms duration) in atrial intrinsic cardiac neurons derived from control and CMI models before and after histamine application. Because there were no significant differences in evoked AP frequency between untreated animals and surgical time controls (shams), these data were pooled. Neurons were classified as either phasic (top) or tonic (bottom) on the basis of their ability to fire multiple APs with a prolonged stimulus. In untreated conditions, CMI differentially enhanced AP generation in tonic neurons to depolarizing current injections, with no induced change in phasic neurons. After histamine application, phasic neurons derived from CMI models exhibited increased AP frequency to depolarizing current injections compared with controls, an effect not seen in tonic neurons. In all cases except for untreated tonic neurons, the frequency vs. stimulus curve was best fit with an exponential curve, with R 2 Ͼ 0.99. For the control tonic neurons, the relationship between frequency and stimulus was a linear fit with an R 2 of 0.98. Statistical significance was evaluated at each stimulus intensity for a given treatment (i.e., control untreated vs. CMI untreated) by t-test. *P Ͻ 0.05, untreated control vs. untreated CMI. #P Ͻ 0.05, histamine-treated control vs. histamine-treated CMI.
was no difference in the increase in evoked AP frequency induced by PACAP in tonic cells in CMI compared with control (Fig. 3, bottom) . For phasic neurons derived from CMI animals, in marked contrast to the augmented response to histamine (Fig. 2, top) , a significant difference in the PACAP Fig. 3 . CMI does not modify the pituitary adenylate cyclase-activating polypeptide (PACAP)-induced increase in AP frequency of intrinsic cardiac neurons. The frequency of APs was determined at increasing stimulus intensities (500 ms) in atrial intrinsic cardiac neurons derived from control and CMI animal models before and after PACAP application. Neurons were classified as either phasic (top) or tonic (bottom) on the basis of their ability to fire multiple APs with a prolonged stimulus. There is no significant difference in the increase in evoked AP frequency induced by PACAP in tonic cells between control and CMI-derived neurons. In phasic neurons, a significant difference in the PACAP-evoked response between groups was seen only at the lowest stimulus intensity (0.1 nA). *P Ͻ 0.05, untreated control vs. CMI. #P Ͻ 0.05, PACAP-treated control vs. PACAP-treated CMI. response was seen only at the lowest stimulus intensity (0.1 nA; Fig. 3, top) .
Immunohistochemical analysis. Immunohistochemistry was used to detect changes in neuronal phenotype following CMI. More specifically, previous studies showed that NOS levels are altered in cardiac myocytes and vascular tissues with heart disease (7). For this study, we focused on expression of nNOS and iNOS. A small percentage of intracardiac neurons normally express nNOS (18) , and similarly, in the current study, both age-matched controls and surgery time controls demonstrated a similar percentage of nNOS expression of ϳ7% (see Fig. 6 ). Examination of cardiac ganglia from CMI animals demonstrated a threefold increase in the percentage of nNOSimmunoreactive neurons (Fig. 6 ), normalized to labeling with antibodies targeted to either ChAT or MAP2. Preparations were also labeled with antibodies to iNOS. In control preparations, there was no evidence for iNOS-immunoreactive neurons (data not shown). However, in all preparations derived from CMI animals evaluated (n ϭ 4), iNOS-immunoreactive neurons were observed (Fig. 4) .
Since previous studies showed an increase in cardiac mast cells with disease (17), we evaluated whether there was a corresponding change in mast cell density within the atrial elements of the intrinsic cardiac ganglionated plexus in the CMI animals. Whole mounts of cardiac ganglia were labeled with a histamine antibody, and the number of histamine-immunoreactive mast cells as a function of area (mm 2 ) was determined in both control and CMI preparations (Fig. 5 and 6 ). There was a threefold increase in the density of mast cells within the cardiac ganglion in the CMI tissues.
DISCUSSION
CMI of the guinea pig heart leads to significant and differential changes in the physiological responses of intracardiac neurons, as well as induced changes in NOS expression within the intrinsic cardiac neurons. These results demonstrate that, in addition to the previously described remodeling of cardiac myocytes postmyocardial infarction, there is also a significant remodeling of the neuronal components on the intrinsic cardiac nervous system. These neuronal changes are induced in elements of the intrinsic cardiac nervous system whose perfusion was not compromised by infarction localized to the ventricular myocardium.
In the current study, CMI of the left ventricle was associated with evidence of cardiac hypertrophy, as demonstrated by a differential increase in LV volume and an increase in relative heart weight. However, given the extensive collateral coronary circulation in the guinea pig, the infarctions were relatively small (5.62% of LV mass). Moreover, lung weight was equivalent among all three groups (control, sham, and CMI). Together, these data indicate that the CMI-stressed guinea pig heart had not progressed into overt heart failure. Although this was a relatively small disruption in LV function, it was associated with significant physiological changes in the intrinsic cardiac nervous system.
CMI differentially impacts the functional responses of subpopulations of intrinsic cardiac neurons. The neurons evaluated in the current study are primarily parasympathetic postganglionic, based on their approximate size (30 m) and their membrane properties (9, 11) . They are further defined as phasic Fig. 5 . Histamine immunoreactivity/mast cell density increases in atrial intrinsic cardiac ganglia postmyocardial infarction. Cardiac ganglia from control and CMI animals were labeled with an antibody to histamine (rabbit antihistamine, 1:500; and donkey anti-rabbit FITC, 1:500), which is localized in cardiac mast cells. The density of mast cells was increased in the atrial ganglia tissues derived from CMI animals compared with control animals. These atrial tissues are not in the perfusion bed of the infarcted tissue. Scale bar, 50 m. or tonic neurons, based on the AP response to imposed intracellular depolarization (9, 11) . Overall, the basal membrane properties of both types of atrial intrinsic cardiac neurons showed minimal induced changes associated with chronic infarction. However, the AP frequency measured in tonic neurons differentially increased with CMI. The output of these cells to low-intensity stimuli was significantly increased over that of intrinsic cardiac neurons derived from age-matched controls. Further studies are needed to determine the ionic mechanisms leading to these changes and the overall functional implications for the neurons.
Cardiac disease is known to stimulate a variety of inflammatory signals, including a proliferation of mast cells and an increase in the production and release of various cytokines (3, 20) . These signals in turn stimulate changes within the cardiac tissue, leading to long-term changes in the expression or activity of different proteins. In ventricular muscle, these signals can result in an increase in nNOS expression in ventricular myocytes (2, 7) . Similarly, the increase in cytokines such as TNF-␣ can lead to the expression of the calciumindependent inducible form of NOS (3, 21) .
In the CMI animals, a significant increase in the density of cardiac mast cells was observed within the atrial elements of the cardiac ganglionated plexus, as well as an increase in the number of neurons expressing nNOS and the de novo expression of iNOS by some neurons. Previous studies have suggested that NO can increase vagal tone through a presynaptic mechanism to increase acetylcholine release from preganglionic terminals (8) . Although the specific functions of NO in the cardiac plexus have not been fully characterized, it is possible that the upregulation of NOS within the parasympathetic postganglionic neurons may serve, in part, as a protective function to reduce sympathetic stimulation of the heart and increase the effectiveness of the parasympathetic pathways. The possible link between the upregulation of NOS and the increase in mast cell density requires further investigation.
Mast cells, when stimulated, release several bioactive compounds (e.g., histamine, prostaglandins, serine proteases, and leukotrienes) into the cardiac interstitial space that impact on cardiac myocytes, structural elements of the heart, and the cardiac nervous system (16, 22, 26) . Previous work from our laboratory (22) demonstrated that histamine normally produces an increase in evoked AP frequency in guinea pig intracardiac neurons. In animals with CMI, the increases in AP frequency observed with histamine were differentially enhanced in phasic neurons, which represent the majority of the cells recorded in vitro. Prior studies have shown that the histamine-induced increase in AP frequency is dependent on an influx of extracellular Ca 2ϩ through voltage-gated Ca 2ϩ channels (12) . One of the changes that has been observed in other cells in response to ischemia is a change in Ca 2ϩ channels. In hippocampal neurons, ischemia produces an increase in NO production that is associated with an increase in Ca 2ϩ entry via L-type Ca 2ϩ channels (14, 27) . Similarly, in cardiac myocytes, myocardial infarction induces the expression of T-type Ca 2ϩ channels (30) . Increases in Ca 2ϩ entry through voltage-gated Ca 2ϩ channels in intracardiac neurons in response to CMI could explain the increase in histamine responses observed in these studies.
PACAP, applied exogenously (4) or released endogenously by stimulation of preganglionic parasympathetic neurons (28) , contributes to the generation of the spontaneous excitatory postsynaptic potentials and can modulate excitability of guinea pig atrial intrinsic cardiac neurons. However, the ionic mechanism responsible for the PACAP-induced increase in AP generation is different from the histamine-induced mechanism. The PACAP-induced change appears to be due, in large part, to modulation of the hyperpolarization-activated (I h ) current (19) . Conversely, the histamine-induced response does not involve I h (12) . The facilitatory effect of PACAP is maintained in the neurons derived from animals with CMI, but in contradistinction to the histamine response, it does not functionally upregulate in either phasic or tonic neurons. This supports the hypothesis that the upregulation in the histamine response is specific to the ionic mechanisms that underlie this pathway.
Perspectives and Significance
The observed changes in physiological properties of the intracardiac neurons, combined with potential enhancement of parasympathetic signaling due to increased NOS levels, would suggest that one consequence of remodeling would be an overall increase in parasympathetic tone within the heart. Endogenous release of histamine may contribute to facilitation of ganglionic neurotransmission within the intrinsic cardiac nervous system postmyocardial infarction. Whether this change would be beneficial to the physiological function of the heart or whether it might contribute to the development of cardiac dysfunction requires further investigation. However, multiple studies, both clinical and basic, indicate the cardioprotective effects of minimizing sympathoexcitation and/or maximizing parasympathetic activity postmyocardial infarction (1, 15, 29) . Moreover, recent studies have indicated the therapeutic relevance of targeting and stabilizing information processing within the peripheral aspects of the cardiac nervous system (10) and thereby reducing the cardiac damage induced by ischemic heart disease (6, 24) .
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